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Recently CDF and DO collaborations observed several bottom baryons. In this work we perform 
a systematic study of the masses of bottom baryons up to 1/ mq in the framework of heavy quark 
effective field theory (HQET) using the QCD sum rule approach. The extracted chromo-magnetic 
splitting between the bottom baryon heavy doublet agrees well with the experimental data. 
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I. INTRODUCTION 



Recently CDF Collaboration observed four bottom 



baryons Eg^ and [lU^I- DO Collaboration announced 
the observation of S;, J3[ , which was confirmed by CDF 
collaboration later [1, [1]. Very recently, Babar Collabo- 
ration reported the observation of il* with the mass split- 
ting ma; - mn, = 70.8 ± 1.0 ± 1.1 MeV Q. We collect 
the masses of these recently observed bottom baryons in 
Table H 

The heavy hadron containing a single heavy quark is 
particularly interesting. The light degrees of freedom 
(quarks and gluons) circle around the nearly static heavy 
quark. Such a system behaves as the QCD analogue of 
the familiar hydrogen bounded by electromagnetic inter- 
action. The heavy quark expansion provides a system- 
atic tool for heavy hadrons. When the heavy quark mass 
toq oo, the angular momentum of the light degree 
of freedom is a good quantum number. Therefore heavy 
hadrons form doublets. For example, fJf, and f2J will be 
degenerate in the heavy quark limit. Their mass splitting 
is caused by the chromo-magnetic interaction at the or- 
der ©(l/mg), which can be taken into account system- 
atically in the framework of heavy quark effective field 



TABLE I: The masses of bottom baryons recently observed 
by CDF and DO collaborations. 



mass (MeV) 



Experiment 



5808l2;3(stat.) ± 1.7(syst.) 
5816li;o(stat.) ± 1.7(syst.) 

5829li;g(stat.) ± 1.7(syst.) 
5837li;9(stat.) ± 1.7(syst.) 



CDF[1, 2] 



5774 ± ll(stat.) ± 15(syst.) DO [3| 
5793 ± 2.5(stat.) ± 1.7(syst.) CDF[4, 5] 



theory (HQET). 

In the past two decades, various phenomenological 
models have been used to study heavy baryon masses 

0, [i,B[l3,[iil,[il- Capstlck and Isgur studied the heavy 
baryon system in a relativized quark potential model 

01. Roncaglia et al. predicted the masses of baryons 
containing one or two heavy quarks using the Feynman- 
Hellmann theorem and semiempirical mass formulas 0]. 
Jenkins studied heavy baryon masses using a combined 
expansion of l/mq and \/N^ ^. Mathur et al. pre- 
dicted the masses of charmed and bottom baryons from 
lattice QCD [l3|. Ebcrt et al. calculated the masses 
of heavy baryons with the light-diquark approximation 
[lll | . Using the relativistic Faddeev approach, Gerasyuta 
and Ivanov calculated the masses of the S-wave charmed 
baryons [l^. Later. Gerasyuta and Matskevich stud- 
ied the charmed (70, 1~) baryon multiplct using the 
same approach [l3|. Stimulated by recent experimen- 
tal progress, there have been several theoretical papers 
on the the masses of Ef,, E^ and 2{, u sing the hyper- 
fine interaction in the quark model [l^, [TGlfTTl. [isl \\^ . 
Recently the strong decays of heavy baryons were inves- 
tigated systematically using ^Pq model in Ref. poj . 

QCD sum rule (QSR) is a useful non-perturbative 
method in hadron physics [2l| , which has been applied to 
study heavy baryon masses previously [3, 22, 23, 23,111, 
m, O, m, m, Hfl, [Sll, m . The mass sum rules of A. & 
and Sc,b were obtained in full QCD in Refs. [13, [H, Hj] . 
The mass sum rules of Sg and Ag in the leading order 
of the heavy quark effective theory (HQET) have been 
discussed in Refs. [23, [1^, [1^. Dai et al. calculated 
the l/mq correction to the mass sum rules of Ag and 

Later the mass sum rules of Ag and 

1281. The mass sum rules 



in HQET [27 
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^g were reanalyzed in Ref. 
of orbitally excited heavy baryons in the leading order of 
HQET were discussed in Refs. (29l . [sol while the l/mg 
correction was considered in Ref. I3ll . Recently Wang 
studied the mass sum rule of f2* |32l | while Duraes and 
Nielsen studied the mass sum rule of Sc,6 using full QCD 
Lagrangian [33j . 

In order to extract the chromo-magnetic splitting be- 
tween the bottom baryon doublets reliably, we derive the 
mass sum rules up to the order of l/mq in the heavy 



2 



quark effective field theory in this work. We perform a 
systematic study of the masses of 5^, S^, S^, flj, and 
ill through the inclusion of the strange quark mass cor- 
rection. The resulting chromo-magnetic mass splitting 
agrees well with the available experimental data. As 
a cross-check, we reproduce the mass sum rules of Ab, 
Ef, and which have been derived in literature previ- 
ously. As a byproduct, we extend the same formalism to 
the case of charmed baryons while keeping in mind that 
the heavy quark expansion does not work well for the 
charmed hadrons. 

This paper is organized as follows. We present the 
formulation of the leading order QCD sum rules in HQET 
for bottom baryons in Section [TTl The following section 
is about the l/mg correction. The numerical analysis 
and a short discussion are presented in Section IIVI 



II. QCD SUM RULES FOR HEAVY BARYONS 

We first introduce our notations for the heavy baryons. 
Inside a heavy baryon there arc one heavy quark and 
two light quarks (u, d or s). It belongs to either the 
symmetric 6f or antisymmetric 3f flavor representation 
(see Fig. [TJ. For the S-wave heavy baryons, the total 
flavor-spin wave function of the two light quarks must be 
symmetric since their color wave function is antisymmet- 
ric. Hence the spin of the two light quarks is either S = 1 
for 6f or S* = for 3f ■ The angular momentum and par- 
ity of the S-wave heavy baryons are = or I"*" for 
6f and = for 3f- The names of S-wave heavy 
baryons are listed in Fig. [1] where we use * to denote |^ 

baryons and the / to denote the = baryons in the 
6f representation. In this work, we use B to denote the 
heavy baryons with in 3f and B' and B* to denote 
those states with ^ and | in 6f- 




FIG. 1: The SU(3) flavor multiplets of heavy baryons. Here 
a, a + 1, a + 2 denote the cliarges of heavy baryons. 

We will study heavy baryon masses in HQET using 
QCD sum rule approach. HQET plays an important role 
in the investigation of the heavy hadron properties [s^ . 



In the limit of mg —^ oo, the heavy quark field Q{x) 
in full QCD can be decomposed into its small and large 
components 



Q{x) 



(1) 



where is the velocity of the heavy baryon. Accordingly 
the heavy quark field hy{x) reads 



K{x) 
H.,{x) 



jimov-x 



The Lagrangian in HQET reads 



HQET 



2mQ 



Q(x), 
Q{x). 



hv(iD±)'^hy 



(2) 
(3) 



4m, 



Q 



(4) 



The second and third term in the above Lagrangian cor- 
responds to the kinetic and chromo-magnetic corrections 



at the order of l/mg. Here D'^ = Z)^ 



• D and 



— Qfj- ^ igA'^. CmagifJ-) IS renormalizatiou coeffi- 
cient Cmagi^^) = (a, (mg)/a, (Ai))^/''" [1 iff^], where 
/?n^= 11 — 2n//3 and nf is the number of quark flavors 

In order to derive the mass sum rules of B, B' and B* , 
we use the following interpolating currents for the heavy 

baryons with = in 6f, 



Jb'{x) = eabc[qf{x)C-i^ql{xM^,hl{x), 

Jb'{x) = -EabcKi^hslti^ixhtJ.Cq^'^ix)]. 

For the heavy baryons with = in 6f, 
J^.{x) = eabc[qf{x)C^,q'2{x)] 



(5) 
(6) 



x[cf^{xh,Cqf{x)] 

P 



9t +37* 7t 



For the heavy baryons with J = in 3f 



Jb{x) 
Jb{x) 



€abc[qf{x)C^,ql{x)]K{x), 
~eabM^)[ql{x)-i^Cqf{x)]. 



(7) 



(8) 



(9) 
(10) 



Here a, b and c are color indices, qi{x) denotes up, down 
and strange quark fields. T is the transpose matrix and 
C is the charge conjugate matrix, g'^'^ = g^^'^ — v^v'^ , 
7^ = 7'^ — '^v^ . 

The overlapping amplitudes of the interpolating cur- 
rents with B, B' and B* are defined as 



Wb\B) 
(0|Jb'|B') 



I BUB, 

Ib'Ub', 
1 

71 



Ib-u^B'^ 



(11) 
(12) 

(13) 
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where u^, is the Rarita-Schwinger spinor in HQET. 
fs' = fs' due to heavy quark symmetry. 

The binding energy is defined as the mass difference 
between the heavy baryon and heavy quark when mg 
00. In order to extract A^, we consider the following 
correlation function 



207r4 



47r4 



(g'^GG)uj _ 6?7iq^(g"2g2) + 6mq^{qiqi) 

1287r4 471-2 
3771,1 (91 9i) + 3m,2 (^"292) 



47r2 



z / d4xe^«-(0|T{J5o(:r)4(')(0)}|0) = i^^n^.oM, + 

(14) 4- 



with w = 7J • q. 

The dispersion relation for 11 (w) is 



n(w) 



dw', 



cij' — a; — 26 



(15) 



where p{u}) denotes the spectral density in the limit of 
niQ ^ c». At the phcnomcnological level, 



n(^) 



continuum. 



(16) 



Making the Borel transformation with variable w, we 
obtain 



2 327r2 
5mgi (gcgjcrCgi) + 57nq^{gcq2<jGq2) 
1287r2 

{<i2q2){gcqicrGqi) + (g~igi)(gcg"2q-G'g2) 
32r2 



(19) 



The mass sum rule of B* is same as that of B' at the 
leading order of HQET. In the above equations, (qiqi) is 
the quark condensates, {g^GG) is the gluon condensate 
and (gqiaGqi) is the quark-gluon mixed condensate. The 
above sum rules have been derived in the massless light 
quark hmit in Refs. [13, [H, [H, [131 . Up and down quark 
mass correction is tiny for heavy baryons Ah, Sb and 
S^. In this work we have included the finite quark mass 
correction which is important for heavy baryons Sf,, SJ^, 
El, fib and fi^. 

The binding energy A^ can be extracted using the fol- 
lowing formula 



A,; = 



T2 



(20) 



where denotes the right-hand part in the above sum 
rules. 







(17) 



III. THE l/mg CORRECTION 



where we have invoked the quark-hadron duality assump- 
tion and approximated the continuum above ujq with the 
pcrturbativc contribution at the quark-gluon level. The 
mass sum rules of B, B' and B* arc 



In order to calculate the l/mg correction, we insert 
the heavy baryon cigcn-statc of the Hamiltonian up to 
the order ©(l/mg) into the correlation function 



t / d^xe'''-^0\T[Mx)MO)]\0). 



(21) 



uj^ [w? + m2 - rriq^ rUg^ 



207r4 



47r4 



{g^GG)uj 771,2(5292) + 7)7,1 (gigi) 



1287r'i 47r2 

2771,2(91(71) + 2771,1 (g"2Q2 



1,1 



47r2 

(gcq2(jGq2) 



(gcqiaGqi 



+ 



327r2 

{gcqio'Gqi) + 7)7,2 {9cq2<jGq2) (gigi)(g"2g2) 

12 • 327r2 6 

{qiqi){gcq2crGq2) + (g2g2)(gegio-G'gi) 
96r2 



(18) 



Its pole contribution is 



n(c.) 



(A + Sm) - UJ 

/2 /2,5771 , 2fSf 



A-LU (A~cj)2 



A 



(22) 



where both i5r?7 and Sf arc 0(l/?7ig). 

We consider the three-point correlation function 

= 1^ / d''zd^ye'P-'e'P'-y{0\T[Mz)O{x)J{y)]\0)i23) 



where operators O = JC and S correspond to the kinetic 
energy and chromo-magnetic interaction in Eq. ^ . The 
double dispersion relation for d'-'ll{uj,uj') reads 



/•oo poo 

(5^n(w,w') ^ ds ds 
Jo Jo 



is-uj){s' -UJ')' 



At the hadronic level, 
with 



{A-LU){A-LU') 

{K^uj)[K-Lo') 



(24) 



(25) 
(26) 







Ki = 



1 



2mQ 
1 



4mc 



[B,\h4iDi_)^K\B,), 



(27) 
(28) 



After setting ui = oj' in Eqs. (|25p and (pS)) and comparing 
them with Eq. (|22p . we can extract Sm 



FIG. 2: The diagrams for the l/mg corrections. Here the cur- 
rent quark mass correction is denoted by the cross. The first 
eleven diagrams correspond to the kinetic corrections and the 
last five diagrams are chromo-magnetic corrections. White 
squares denote the operators of l/mg. 



Snii 



(29) 



Here the renormalization coefficient Cmag for bottom 



baryons is Ci 



7nag 



0.8 m 



We calculate the diagrams listed in Fig. [2] to derive 
5'^Ii{ijj,Lo'). After invoking double Borel transformation 
to Eq. [211 we obtain the spectral density /3*^(s, s'). Then 
we redefine the integration variable 



(30) 



Now the integral in Eq. ([M]) is changed as 



oo poo 



"'0 



ds I ds' ...^2 ds 



ds- 



(31) 



(32) 



kinetic term only. 



As/T ru^B 54^7 9^5 



7!7r4 5!7r4^ «i 
3^3 



+ 128 .3^4 + -^7^2 i"^?. (9191) + (9292) 



-2m.q^{qiqi) - 2mq^{q2q2 
3tj 



128^2 
3[j 



(gcqicrGqi) + niq^ {gcq2(^Gq2) 



32 

1 r 
32 



iTiq^ {gcq2(yGq2) + niq^ {gcqicrGqi) 

TT \ 

qiqi){gcq2<TGq2) + {q2q2){gcqi<jGqi) |, (33) 
Sb = 0. (34) 



In the subtraction of the continuum contribution, quark 
hadron duality is assumed for the integration variable 5+ 




For _B(i ) in 3f, the l/mq correction comes from the 



Here Sb = is consistent with the simple expectation in 
the constituent quark model that the chromo-magnetic 
interaction {Sq ■ ji) = since ji = for B{^^) in Sp. 
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For 



)Cb' = 



in 6f, the I/tuq corrections are 



-3m, 



-5m, 



92 \l2q2 

llw 



18- lluj^ 

128 

- 6m, 



3!7r4 

92(9191) 



'91 



gcQicrGqi 



128 • 47r2 

3 r 

'32 ('^~l^l)(-9c'?2^^'?2 



5!7r4 
3a;3 
4- 3!7r 



(4m 

4 



4m; 



92 



5 m 



91 



6"i9i (9292! 



''Q2 



{9cq2CrGq2] 



{q2q2){gcqicrGqi) |. 



(35) 



The values of the u, d, s and charm quark masses cor- 
respond to the MS scheme at a scale /x « 2 GeV and 
H = mc respectively (4^ . The b quark mass is obtained 
from the Upsilon IS" mass [Ulil]. 

Since the energy gap between the S-wave heavy 
baryons and their radial/orbital excitations is around 
500 McV, the continuum contribution can be subtracted 
quite cleanly. Wc require that the high-order power cor- 
rections be less than 30% of the perturbative term to 
ensure the convergence of the operator product expan- 
sion. This condition yields the minimum value for the 
working region of the Borel parameter. In this work, we 
choose the working region as 0.4 < T < 0.6 GeV. 



Sb' = 



2glu:' , {g'GG)uj^ 



1057r6 16 • 3!7r4 
22^2 ("^91 (gcqiC^Gqi) + ruq^ {gcq2crGq2) 
-2mq^_{gcqi(TGqi) - 2mq^{gcq2<yGq2)^ e^'^/^du 
"is (^~i'^i)(-9c92ctG'(?2) + (g292)(ffcgicrG(7i) |. (36) 
Through explicit calculation, wc obtain 
K.B* ~ ICb' , 



Sb' 



-Sb'/2 



(37) 



(38) 



In Fig. [3][5l wc give the dependence of A, Id, Si and 
mass splitting m^* ~^b'^ on T and uj^ for Sf,, O^. The 
variation of a sum rule with both T and Ui contributes 
to the errors of the extracted value, together with the 
truncation of the operator product expansion and the 
uncertainty of vacuum condensate values. We collect the 
extracted A, ICi, Si and mass splitting m^* — ms' in 
Table HH 



niB' - niB' = 



(39) 



which are consistent with the heavy quark symmetry. 



IV. RESULTS AND DISCUSSION 

In our numerical analysis, we use [H, [s^, [H, [H, liol . 
111,111: 

(qq) = -(0.240 GcV)^ 

(ss) = (0.8 ±0.1) X (qq) , 

(gsqcrGq) = -M'^ X {qq) , 

Ml = (0.8 ± 0.2) GeV^ , 

{glG^) = (0.48 ±0.14) GcV\ 

rriu = md = 5.3 MeV, m^ = 125MeV, 

mc = 1.25 ± 0.09 GeV, m^ = 4.8 GeV . 

as(mc) = 0.328, a,{mb) = 0.189 . 



The masses of bottom baryons from the present work 
are presented in Table Hill It's well known that the heavy 
quark expansion does not work very well for the charmed 
baryons since the charm quark is not heavy enough to 
ensure the good convergence of l/mg expansion. For ex- 
ample, the chromo-magnetic splitting between il* and fic 
from our work is around 133 MeV, which is much larger 
than the experimental value 67.4 MeV. However, we still 
choose to present the masses of S-wave charmed baryons 
also in Table IIIII simply for the sake of comparison with 
experimental data. 



In our calculation, we adopt the phenomenological 



spectral function by the classical and simple ansatz of a 
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TABLE II: The central values in this table are extracted at T = 0.5 GeV, uji = 1.3 GeV for Ui = 1.4 GeV for hJ,' 

LOi = 1.55 GeV for Q.[*\ uoi = 1.1 GeV for Ab and Ui = 1.25 GeV for Ht (in MeV). 











A, 




A 

5m 


950+7^ 


10421^1 


1169 ± 74 
67tJ 


77Q+68 
' ''5-59 

651? 


9081^7 
72±1 


mass splitting 
this work 
experiment [i, ^ 


26±1 
21 


26 ± 1 


28t« 





TABLE III: Masses of the heavy baryons from the present work and other approaches and the comparison with experimental 
data (in MeV). 



Baryon I {J 



Ours Ref. [7] Ref. [8] Ref. [9] Ref. Ref. [llj Ref. [28, 32| 







24111^5 


2440 


2453 




2452 


2439 


2470 


2454.02(0.18) 


' — 'c 


1(1+) 

2 V 2 


25081^? 




2580 


2580.8 


2599 


2578 




2575.7(3.1) 




o(r) 


2657199^ 




2710 




2678 


2698 




2697.5(2.6) 


E* 


i(r) 


2534l^« 


2495 


2520 




2538 


2518 


2590 


2518.4(0.6) 


' — 'c 


1 ci + \ 

2 V 2 


2634+Jf 




2650 




2680 


2654 




2646.6(1.4) 


fie* 


0(1+) 


2790ii»^ 




2770 


2760.5 


2752 


2768 


2790 


~ 2768 


A, 


o(r) 


227li«^ 


2265 


2285 




2290 


2297 




2286.46(0.14) 




1(1+) 


2432t^«3 




2468 




2473 


2481 




2467.9(0.4) 






5809l7e 


5795 


5820 


5824.2 


5847 


5805 


5790 


5808 




1(1+) 

2^2 1 


5903tra 




5950 


5950.9 


5936 


5937 










6036 ± 81 




6060 


6068.7 


6040 


6065 








i(r) 


5835i?7 


5805 


5850 


5840.0 


5871 


5834 


5820 


5829 




1 r3+> 

2^-2 / 


59291^ 




5980 


5966.1 


5959 


5963 








0(1+) 


6063lg 




6090 


6083.2 


6060 


6088 


6000 




At 


o(r) 


5637lf6 


5585 


5620 




5672 


5622 




5624(9) 




1(1+) 


57801^^8 




5810 


5805.7 


5788 


5812 




5774,5793 



EXP [2, 3, 4, 6, 42] 



single resonance pole plus the perturbative continuum. 
The systematic uncertainty of hadron parameters ob- 
tained with such an approximation was discussed recently 
in Ref. [3l • We have not considered the ncxt-to- leading 
order as corrections, which may also result in large con- 
tribution and uncertainty as indicated by the study of 
the Us corrections in the light-quark baryon system in 
Ref. gl. 

In short summary, inspired by recent experimental ob- 
servation of charmed and bottom baryons [H, 0, 0, 0, H, [l] , 
we have investigated the masses of heavy baryons system- 
atically using the QCD sum rule approach in HQET. The 
chromo-magnetic splitting of the bottom baryon doublet 
from the present work agrees well with the recent ex- 
perimental data. Recently SJ^ ' was observed by CDF 
collaboration [l|, Q . Our results are also consistent with 
their experimental value. Our prediction of the masses 



of Sj,, S^, ilb and can be tested through the future 
discovery of these interesting states at Tevatron at Fermi 
Lab. 
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FIG. 3: The dependences of Ae^, A^Sf,, Ss^, and the mass sphtting m-s* 
corresponds to the threshold value ~ 1.2, 1.3, 1.4 GeV respectively. 
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FIG. 4: The dependences of Ag/^, IC^'^, <Sh'^, and the mass splitting rngj 
corresponds to cu^i — 1.3, 1.4, 1.5 GeV respectively. 
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FIG. 5: The dependences of An^, ICn^, Sn^, and the mass sphtting m^j 
corresponds to loq^ — 1.45, 1.55, 1.65 GeV respectively. 
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